The complete genomic RNAs of two Korean sacbrood virus (SBV) strains, which infect the honey bee, Apis mellifera, were sequenced. The two sequences (AmSBV-Kor19, AmSBV-Kor21) were distinguished by the presence or absence of a PstI restriction site. These strains comprised of 8784 bp and 8835 bp; contained a single large ORF (179-8707 and 179-8758) encoding 2843 and 2860 amino acids, respectively. Deduced amino acid sequences comparison with some insect viruses showed that regions of helicase, protease and RdRp domains; structural genes were located at the 5 0 end and non-structural genes at the 3 0 end. Multiple sequence alignment showed that AmSBV-Kor19 was missing a section between nucleotides 2311 and 2361 (present in SBV-UK and CSBV) but was similar to that of the Korean SBV strain that infects A. cerana (AcSBV-Kor).
Introduction
Sacbrood virus (SBV) is a common virus that infects the honey bee (Apis mellifera). SBV has been detected in almost all the colonies throughout the world (Allen and Ball, 1996; Ellis and Munn, 2005) . SBV infects mainly larvae but also adult bees, although they present no disease symptoms (Berenyi et al., 2006) , and causes the death of larvae. Sacbrood virus was first described in 1913, but SBV was not characterized until 1964 (Bailey et al., 1964) . SBV is one of many insect viruses generally referred to as picornavirus-like (Moore et al., 1985) . Recently, it was reclassified into the genus Iflavirus, which contains linear positive single-stranded RNA viruses (Mayo, 2002; Baker and Schroeder, 2008) . Complete genome sequences of many viruses are now available on GenBank. The genomes of these viruses are organized in three different ways: (i) monopartite and bicistronic, with replicase proteins encoded at the 5 0 end and capsid proteins encoded at the 3 0 end (Sasaki and Nakashima, 1999) ; (ii) monopartite and bicistronic, with replicase proteins encoded at the 5 0 end and capsid proteins encoded at the 3 0 end, however, the two ORFs overlap slightly (van der Wilk et al., 1997) ; (iii) monopartite and monocistronic, with capsid proteins encoded at the 5 0 end and replicase proteins encoded at the 3 0 end (Ghosh et al., 1999) . The complete genomic sequence of SBV-UK (GenBank accession number: AF092924) was first determined by Ghosh et al. (1999) . SBV is a round (28 nm in diameter), non-enveloped virus with an 8832 bp RNA sequence encoding a polyprotein of 2858 amino acids (Ghosh et al., 1999) . The SBV genome is monopartite monocistronic, with the structural genes arranged at the 5 0 end and the non-structural genes at the 3 0 end (Ghosh et al., 1999; Grabensteiner et al., 2001; Zhang et al., 2001; Chen et al., 2006; Ma et al., in press ). The genome contains one large open reading frame (ORF) starting at nucleotide 179 and ending with a UAG stop codon at nucleotide 8775.
Chinese sacbrood virus (CSBV) sequences were identified by Zhang et al. (2001) and Ma et al. (in press ) (GenBank accession numbers: AF469603 for CSBV-GZ and HM237361 for CSBV-LN). CSBV is similar to SBV-UK in terms of its physiological and biochemical features, but the viruses differ in their antigenicity and do not show cross infection. Sequence analysis indicates that CSBV is different, but highly homologous to SBV-UK (Zhang et al., 2001) . The CSBV genome comprises positive single-stranded RNA, encoding four structural proteins. The genomes of CSBV-GZ and CSBV-LN comprise 8740 bp and 8863 bp with a single large ORF encoding polyproteins of 2861 amino acids and 2884 amino acids, respectively (Zhang et al., 2001; Ma et al., in press ).
In Korea, SBV was first detected in 2008, and then developed and broken out epidemic, especially serious in 2010. The infection with SBV has been detected in 75% colonies in Korea, during the year 2010 (the data unpublished). The sacbrood virus infection of the Korean honey bee, Apis cerana (AcSBV-Kor), was identified and its 8792 bp genome sequence published in GenBank (GenBank accession number: HQ322114) . Nucleotide alignment of partial sequences from the structural genes in the AcSBV-Kor genome (nucleotide sequences published in GenBank under accession numbers HQ916827-HQ916837) showed 93.9% and 93.7% similarity to the SBV-UK and CSBV-GZ strains, respectively (Choe et al., 2011) . Previous studies detected AmSBV-Kor in the honey bee, Apis mellifera Kim Cuc et al., 2008 Choi et al., 2010; Yoo et al., 2012) , but none have analyzed its complete genome sequence. Moreover, the AmSBVKor strains were distinguished by the presence or absence of a PstI restriction site. The position of PstI has been detected only in CSBV but in SBV-UK (Le Quang Trung et al., 2010) . Therefore, the aim of the present study was to determine the complete nucleotide sequence of SBV in the Korean honey bee, Apis mellifera, and compare it with some of other insect viruses published in GenBank.
Results

RT-PCR/RFLP analysis
All of the samples were first tested using three primer pairs to confirm SBV-positive infection (Table 1) . RT-PCR was performed with specific primer sets (Le Quang Trung et al., 2010) to amplify the SBV genome region between nucleotides 5877 and 6477 according to reference strain AF092924. These SBV nucleotide sequences were submitted to the GenBank database under accession numbers JQ267669-JQ267675. The PCR products were digested with PstI at 37 1C for 2 h (Le Quang Trung et al., 2010) , electrophoresed in a 2% agarose gel, and stained with ethidium bromide. The results showed that three of the seven samples (Kor17, Kor19, and Kor20) were digested into two fragments of 411 bp and 186 bp ( Figs. 1 and 2 ). Samples (Kor19 containing the PstI restriction site and Kor21 without) were used to determine the full genome nucleotide sequence of AmSBV-Kor.
Nucleotide sequence analysis
The complete genome nucleotide sequences of these two Korean AmSBV strains were determined and deposited in GenBank under accession numbers: JQ390592 for AmSBV-Kor19 (PstI restriction site) and JQ390591 AmSBV-Kor21 (no PstI restriction site) Table 2 .
The nucleotide sequences of the AmSBV-Kor19 and AmSBVKor21 genomes comprised 8784 bp and 8835 bp (excluding the poly A tail), respectively. The base composition of AmSBVKor19 was A(29.59%), C(16.41%), G(24.45%), and U(29.53%), and that of AmSBV-Kor21 was A(29.70%), C(16.11%), G(24.65%), and U(29.53%). The AmSBV-Kor19 genome contained a single large ORF encoding 2843 amino acids, commencing at nucleotide 179 and ending with a stop codon at nucleotide 8707. The AmSBVKor21 genome contained a single large ORF encoding 2860 amino acids, commencing at nucleotide 179 and ending with a stop codon at nucleotide 8758. Multiple sequence comparisons showed that the 5 0 sequence of both strains was similar to that of the SBV-UK strain. AmSBV-Kor19 showed a closer genetic relationship to CSBV-GZ and CSBV-LN (94% and 92%, respectively) than to SBV-UK (90%), but was closest to AcSBV-Kor (up to 97%). However, AmSBV-Kor21 showed a closer genetic relationship to SBV-UK (93%) than CSBV-GZ, CSBV-LN or AcSBV-Kor (90%) ( Table 3) .
Multiple sequence alignment also showed that the sequence of AmSBV-Kor19 was missing a section between nucleotides 2311 and 2361 (present in SBV-UK and CSBV) and was identical to that of AcSBV-Kor. When compared with the CSBV-GZ strain, a consecutive 51-nucleotide deletion was identified within the polyprotein-coding region. Similar comparisons with SBV-UK and CSBV-LN identified a 48-nucleotide deletion and a 12-nucleotide deletion, respectively. The sequence of AmSBV-Kor21 did not show any nucleotide deletions in this section of the genome (Fig. 3) . Thus, AmSBV-Kor21 was three nucleotides longer than SBV-UK, and 39 nucleotides longer than CSBV-LN. Table 1 Primer sets used to detect SBV and to amplify the region containing the PstI restriction site.
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Amino acid sequence analysis
The deduced amino acid sequences for AmSBV-Kor and the other virus strains were then aligned and compared. The results showed the structural proteins in the 5 0 end and the nonstructural proteins in the 3 0 end. The helicase domains A, B, and C (Koonin and Dolja, 1993) with highly conserved amino acids within the first two domains, GxxGxGKS and Qx5DD, were found between Reference: CSBV-GZ (GenBank accession no. AF469603) and SBV-UK (GenBank accession no. AF092924) strains. amino acids 1353 and 1489 in SBV strains (Fig. 4) . The similar result showed in the Iflaviridae family including of Deformed wing virus (DWV, AY292384) and Varroa destructor virus (VDV1, AY251269) at the amino acid position between 1462 and 1580. These positions were found between amino acids 438 and 695 in the Dicistroviridae family including Acute bee paralysis virus (ABPV, AF150629), Black queen cell virus (BQCV, AF183905), Drosophila C virus (DCV, AF014388), Kashmir bee virus (KBV, AY275710), Plautia stali intestine virus (PSIV, AB006531) and Rhopalosiphum padi virus (RhPV, AF022937). The equivalent of the GxCG and GxHxxG domains were identified within the protease domain in deduced amino acid sequences of viruses. These motifs were found between amino acids 2228 and 2328 in the Iflaviridae family, and from amino acid position 1037 to 1398 in the Dicistroviridae family. Eight conserved domains were identified in RdRp amino acid sequences between amino acids 2443 and 2835 in the Iflaviridae family, and from amino acid position 1258 to 1994 in the Dicistroviridae family.
Analysis of the structural protein regions indicated that the AmSBV-Kor19 and AcSBV-Kor had a 17-amino acid deletion at amino acid positions 710-728 in comparison with CSBV-GZ and AmSBV-Kor21. When compared with the SBV-UK and CSBV-LN, the deleted region was 17-amino acids and 4-amino acids, respectively (Fig. 5) .
Next, we determined the homology of the deduced amino acid sequences for the polyprotein-coding region between AmSBV-Kor and the other strains. The results (Table 3) showed that AmSBVKor19 was 95.2% and 92.8% homologous to CSBV-GZ and CSBV-LN, respectively; 94.7% homologous to SBV-UK; and 96.5% homologous to AcSBV-Kor at the amino acid level. AmSBV-Kor21 was 94.7%, 93.8%, and 94.7% homologous to CSBV-GZ, CSBV-LN, and AcSBV-Kor at the amino acid level, respectively, and 97.7% homologous to SBV-UK. Fig. 3 . Alignment of the nucleotide sequences of AF469603 (CSBV-GZ), HM237361 (CSBV-LN), HQ322114 (AcSBV-Kor), and AF092924 (SBV-UK) with those of AmSBV-Kor (Kor19 and Kor21) across the region between nucleotides 2311 and 2361. In comparison with CSBV-GZ (AF469603), CSBV-LN (HM237361), AcSBV-Kor (HQ322114), and SBV-UK (AF092924), AmSBV-Kor19 was missing a section between nucleotides 2311 and 2361 that was identical to AcSBV-Kor but was similar to AmSBV-Kor21. Fig. 4 . Alignment of putative RNA helicase, protease and RdRp domains from AmSBV-Kor, AcSBV-Kor, CSBV, SBV-UK, ABPV, BQCV, DCV, DWV, KBV, PSIV, RhPV, and VDV1. The motifs identified for helicase are labeled A, B, C (Koonin and Dolja, 1993) ; the GxCG and GxHxxG motifs are identified for protease (Ongus et al., 2004) ; the motifs identified for RdRp are labeled I-VIII (Koonin and Dolja, 1993) .
Phylogenetic analysis
A phylogenetic tree was constructed based on the RdRp sequences to illustrate the probable genetic relationships between the virus strains (Fig. 6) . The RdRp tree segregated the viruses into two groups according to their taxonomic classification (Iflavirus and Dicistroviridae). In the Iflavirus group, DWV and VDV1 were clustered together such as a subgroup and SBV strains were clustered together in other subgroup. In the Dicistroviridae group, ABPV and KBV seemed to have a closely relationship. Whereas BQCV, PSIV, and RhPV tended to group together and DCV was intermediate branch.
The phylogenetic tree also showed that AmSBV-Kor21 was classified into the same branch as the SBV-UK strain, whereas the AmSBV-Kor19 strain was classified into a branch containing the CSBV and AcSBV-Kor strains. These results indicate that the AmSBV-Kor19 strain shows a very close genetic relationship with the CSBV strains, specifically the AcSBV-Kor strain.
Discussion
In the present study, the nucleotide sequences of two Korean SBVs infecting A. mellifera were determined. The AmSBV-Kor genome were monopartite monocistronic and contained a single large ORF starting at nucleotide 179 and terminating in a stop codon at nucleotide 8707 for AmSBV-Kor19 and 8758 for AmSBVKor21, respectively. The genomic organization of AmSBV-Kor clearly resembles that of Iflavirus family with structural proteins at the 5 0 end and the nonstructural proteins at the 3 0 end arranged in a similar order. Analysis of deduced amino acid sequences showed that AmSBV-Kor consisted of the conserved motifs within the helicase, protease, and RdRp domains as same as the other viruses.
Both contained a base composition very similar to that of other SBV strains, including SBV-UK, CSBV-GZ, and CSBV-LN (Ghosh et al., 1999; Zhang et al., 2001; Ma et al., in press ). The AmSBVKor21 strain was similar to the SBV-UK strain and was classified into the same group. However, the nucleotide sequence of the AmSBV-Kor21 strain was three nucleotides longer (2312-2314) than that of SBV-UK, resulting in a deduced amino acid sequence that was one amino acid longer.
Whereas, the AmSBV-Kor19 strain showed different characteristics when compared with both the SBV-UK and CSBV strains. AmSBV-Kor19 infecting A. mellifera contained a PstI restriction site within its nucleotide sequence (as did the CSBV and AcSBVKor strains). The AmSBV-Kor19 strain also formed a closely related cluster with the CSBV-GZ and CSBV-LN strains, with nucleotide sequence identities of 94 and 92%, respectively. AmSBV-Kor19 showed the highest sequence homology (97%) with AcSBV-Kor. The nucleotide sequence of AmSBV-Kor19 showed a deletion between nucleotides 2311 and 2361, as did the AcSBVKor strain. The deduced amino acid sequence of the AmSBV-Kor19 strain was 17 amino acids shorter than that of SBV-UK and 18 amino acids shorter than that of the AmSBV-Kor21 strain.
This study identified two SBV strains infecting the Korean honey bee, A. mellifera, which were distinguished by the presence/ absence of a PstI restriction site. The AmSBV-Kor21 strain was very similar to the SBV-UK strain, whereas the AmSBV-Kor19 strain showed characteristics common to both the CSBV and SBV-UK strains. These results suggest that some of the differences in the AmSBV-Kor19 strain detected in this study may be the result of the virus adapting to a different host, confirming the conclusions made by Grabensteiner et al. (2001) . 
Materials and methods
Sample collection
A total of seven A. mellifera larvae samples were obtained from three provinces in Korea (Gyeonggi, Chungbuk, and Jeonbuk) in 2011.
RNA extraction and RT-PCR/RFLP analysis.
Collected samples (each sample including 20 larvae from a single colony) were completely homogenized in 3 ml sterile PBS to yield a 10% (w/v) solution using a pestle and mortar. The samples were centrifuged for 3 min at 16,000 Â g and the supernatant was used for RNA extraction using an RNeasy Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer's instructions. Total RNA was eluted in 30 ml of elution buffer and used directly for RT-PCR. Extracted RNA was used to synthesize cDNA using oligo (dT) 12-18 as the primer (Invitrogen, Carlsbad, CA, USA).
All of the samples were first tested with three primer pairs to confirm SBV-positive infection (Table 1) . RT-PCR was carried out with specific primer sets (Le Quang Trung et al., 2010) under the following conditions: 50 1C for 30 min, 95 1C for 5 min, followed by 40 cycles of denaturation at 95 1C for 20 s, annealing at 55 1C for 30 s, extension at 72 1C for 1 min, and a final extension at 72 1C for 5 min in a C1000 Thermal Cycler (Bio-Rad, USA). The RT-PCR products were digested by PstI (TaKaRa, Japan) at 37 1C for 2 h, electrophoresed in a 2% agarose gel, stained with ethidium bromide, and photographed under UV light.
cDNA synthesis and amplification-specific fragments.
To amplify the internal region of the Korean SBV genome, 15 pairs of primers were designed based on the sequence of the Chinese (CSBV-GZ, GenBank accession No. AF469603) and UK strains (SBV-UK, GenBank accession No. AF092924). cDNAs were synthesized using each reverse primer and Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA). A 40 ml volume of RT-PCR reaction mixture, including 10 ml extracted RNA, was incubated at 50 1C for 1 h and the reaction was terminated at 75 1C for 10 min. 5 ml of each cDNA was PCR-amplified with Platinum s Taq DNA polymerase high fidelity (Invitrogen, Carlsbad, CA, USA) under the following conditions: initial denaturation at 95 1C for 5 min, followed by 35 cycles of denaturation at 95 1C for 30 s, annealing at 55 1C for 30 s, extension at 72 1C for 1 min, and a final extension at 72 1C for 5 min in a C1000 Thermal Cycler (Bio-Rad, USA).
The RACE kit (5 0 RACE system for Rapid Amplification of cDNA Ends, Invitrogen, Carlsbad, CA, USA) was used to amplify the 5 0 terminal region of the SBV genome, according to the manufacturer's instructions. The amplified products were purified by QIAquick Gel Extraction kit (Qiagen, Germany). After gel extraction, each amplicon was cloned into the TA vector (Enzynomics, Korea) and sequenced bi-directionally with both M13 forward and reverse primers using an automated sequencer (ABI Prism 3700 Genetic Analyzer). To sequence the 3 0 terminal region, the same procedure used to sequence the internal region was used but with an oligo(dT) oligonucleotide containing an adapter sequence at its 5 0 end as the reverse primer.
Nucleotide sequencing and analysis.
The nucleotide sequence of each fragment was assembled to build a continuous complete sequence using the DNASTAR program. Multiple nucleotide and deduced amino acid sequence alignments were performed using published SBV sequences (GenBank accession numbers AF092924, HM237361, HQ322114 and AF469603) as references and BioEdit version 7.0.9.0 (Hall, 1999) . A phylogenetic tree was constructed using the MEGA 4.1 package (Tamura et al., 2007) and the neighbor-joining (NJ) method (Saitou and Nei, 1987) , and computed with the Kimura 2 parameter method (Kimura, 1980) . A boot-strap value of 1000 replicates was applied to yield a robust phylogeny. The virus genome sequences (with accession numbers) used in this study were Acute bee paralysis virus (ABPV, AF150629); Black queen cell virus (BQCV, AF183905); Drosophila C virus (DCV, AF014388); Deformed wing virus (DWV, AY292384); Kashmir bee virus (KBV, AY275710); Plautia stali intestine virus (PSIV, AB017037); Rhopalosiphum padi virus (RhPV, AF022937) and Varroa destructor virus (VDV1, AY251269) Leat et al., 2000; Johnson, Christian (1998) ; Lanzi et al., 2006; deMiranda et al., 2004; Sasaki et al., 1998; Moon et al., 1998 , Ongus et al., 2004 .
